Measles virus (MV), a paramyxovirus, possesses two glycoproteins, the hemagglutinin (H) and fusion (F) proteins, which form spikelike projections from the outer viral envelope. The H protein is responsible for attachment to the MV receptor (CD46), whereas the F protein is directly involved in the fusion of viral and target cell membranes required for penetration of the virus. The F protein is synthesized as a biologically inactive precursor (FO) which is activated following cleavage by cellular subtilisin-related proteases in the trans-Golgi to give the biologically active form, a disulfide-linked heterodimer, F2-F1 (20) . We have previously shown that the coexpression of the MV H protein (MVH) with MVF is required for MV fusion to occur (21) . Although studies with simian virus 5 indicated that expression of the F protein alone can result in fusion (6) , all other paramyxoviruses require the coexpression of both H and F proteins for cell fusion to occur. The F protein can, however, only induce cell fusion when coexpressed with the homologous H protein (7) . This suggests that a specific interaction between the two glycoproteins is required in order for fusion to take place. Indeed, we have shown by chemical cross-linking that MVF and MVH are closely associated in the plasma membrane (13) .
To determine the regions on MVF responsible for this interaction, we have used homolog-scanning mutagenesis (18) . The advantage of this strategy is that if there is a strong possibility that the tertiary structures of two proteins are very similar, domains may be exchanged between them and mutations that are deleterious for transport through the exocytotic pathway can be largely avoided. Taking advantage of the fact that paramyxovirus fusion appears to function only in homologous systems, we reasoned that it should be possible to identify the domains responsible by constructing a series of F protein chimeras derived from MV and a closely related paramyxovirus. For the construction of these chimeras, we have used the F protein from canine distemper virus (CDV), which, like MV, is a morbillivirus. The two F proteins have 70% homology at the protein level. Although their signal peptides differ in length, the two proteins possess an identical number of amino acids (1, 2) in both the Fl and F2 subunits and the number and position of the cysteine residues are equivalent. In addition, the fusion peptide, the amphipathic o(-helix (AAH), the cysteine-rich region, the leucine zipper, and the transmembrane domains are in equivalent topological positions (Fig. 1) .
To study fusion, we have used a vaccinia virus expression system (3) in which HeLa cells infected with a vaccinia recombinant virus expressing MVH were transfected with an MVF cDNA (2) under the control of the ilK vaccinia virus promoter (Fig. la) . When a CDVF cDNA (19) is used under the same conditions, fusion does not occur (Fig. lb) . By taking advantage of the degeneracy of the genetic code, restriction sites were introduced by site-directed mutagenesis (10) into the cDNAs of the two F glycoproteins so that homolog replacement mutagenesis could be made. These chimeric constructions were then tested for their capacity to give fusion in the same system. A conformational screen with anti-CDVF and anti-MVF (12) monoclonals in immunofluorescence studies was used to determine whether the various chimeric proteins were expressed on the cell surface in the native state.
Initially, we exchanged the Fl and F2 subunits of the two F glycoproteins (Fig. 1) . The chimera in which the F2 subunit is derived from CDVF and the Fl subunit is derived from MVF ( Fig. lc) not only did not give fusion but was not even expressed at the surface. The inverse chimera (Fig. ld) , i.e., MVF2 with CDVF1, gave the same result. One interpretation of these results could be that a region in the F2 subunit interacts with Fl during normal folding, but this does not occur in the heterologous system. This could involve protein-protein interactions or a correct alignment of cysteines to form the interchain bond. It has been assumed that the disulfide bridge between the F2 and Fl paramyxovirus subunits involves the most upstream cysteine in the Fl subunit ( Fig. 1) peptide and AAH domains can be exchanged for their CDVF counterparts without affecting fusion and thus suggest that these domains are not involved in the interaction with MVH.
The chimera MV1-337/CDV338-525 (Fig. lf) did not give fusion but was expressed at the cell surface. The same result was obtained for a similar chimera in which the residues derived from MVF extended to Ser-385 between the fourth and fifth cysteines of the cysteine-rich region (Fig. lg) . However, elongation of the MVF-derived sequences in the cysteine-rich region to Gln-409 between the seventh and eighth cysteines (Fig. lh) gave fusion despite the conversion of the first 104 residues at the amino terminus of Fl to CDVFderived sequence. Thus, the amino-terminal region of the Fl subunit which includes the fusion peptide and AAH, together with the region of the Fl subunit amino terminal of the eighth cysteine of the cysteine-rich region to the C terminus of the protein, which includes the leucine zipper, transmembrane region, and cytoplasmic tail, does not appear to play a role in the interaction with MVH. This result is particularly important for the leucine zipper, as this domain is essential for MV fusion *pE (9) . Asterisks show the positions of amino acid changes found in the escape mutants described by Hull et al. (8) .
(3). Although we have proposed that the leucine zipper participates in the formation of the fusion pore, interaction with glycoprotein H could have been an alternative explanation.
As the chimera shown in Fig. lh also contains CDVFderived sequence in the Fl N-terminal domain up to Leu-238, this result suggests that sequences responsible for the interaction with MVH could reside both in the region between Ser-239 and Gln-409 on the Fl subunit and also on the F2 subunit. However, fusion is also obtained with a chimera in which the C-terminal part of the molecule is as in the chimera shown in Fig. lh but the whole of the F2 subunit and up to the first cysteine (Cys-337) of the cysteine-rich region of Fl is converted to CDVF-derived sequence (Fig. 1i) .
Thus, transferring the part of the cysteine-rich domain which contains seven of the eight cysteines from MVF to CDVF enables the latter to give fusion with MVH. That the cysteinerich region of paramyxovirus F proteins is involved in some way in the process of viral fusion has long been suspected, as monoclonal anti-F antibodies capable of inhibiting fusion and neutralizing infectivity often select escape mutants with amino acid changes in this domain (5, 14, 15, 17) .
In MV fusion, only a limited part of the cysteine-rich region may be required for interaction with MVH, as a chimera (Fig.  lj) which contains MVF-derived residues from between the first cysteine (Cys-337) to Arg-381 between the fourth and fifth cysteines also gives fusion. It can be supposed that this represents the minimum interaction domain, as attempts to further reduce this region without loss of fusion were not successful. It should be noted that whereas the chimeras shown in Fig. lh through j give fusion, the chimera shown in Fig. lg does not. This would appear to suggest that a correct structural association between the amino terminus of Fl and its carboxy domain is necessary in order to generate a functional molecule. As the transmembrane and cytoplasmic regions of this domain are intracellular, this could suggest in turn that the fusion peptide and AAH are closely associated with the leucine zipper in the tertiary structure of the fusion protein.
There are 14 amino acid differences between MVF and CDVF in the primary sequence of this 45-residue segment of the cysteine-rich region (Fig. 2a) . Which of these amino acids are essential and which are dispensable for the interaction with MVH are under investigation. Interestingly, escape mutants that resist the action of a fusion inhibitor which supposedly mimics the amino terminus of the MV fusion peptide have amino acid substitutions within this part of the cysteine-rich region (8) . 7548 
NOTES
The assignment of the disulfide bridges in the fusion protein of Sendai virus has been made recently (9) . The first and second cysteines in the cysteine-rich region form a loop, as do the third and fourth. If the arrangement of the disulfide loops made by these pairings is the same in MV, this would mean that the majority of the residues which differ between the CDV and MV sequences within the interaction site reside on these first two loops (Fig. 2b) . This suggests that the domain on MVH that interacts with MVF could consist of a pocket to accommodate the disulfide loops, reminiscent of the ball-andsocket-type arrangement proposed for the interaction of the attachment and fusion proteins of human immunodeficiency virus (11, 16) .
Although the molecular events which lead to paramyxovirus fusion in particular and viral fusion in general remain to be determined, the identification of the first two loops of the cysteine-rich region on the MV fusion glycoprotein as the site of interaction with the MV attachment glycoprotein is a positive step toward their elucidation.
